Carbon transfer to milk in Holstein cows in late lactation was measured by introducing changes in the natural stable carbon isotope composition of the feed. Six Holstein cows in mid-lactation were placed on a diet naturally low in 13C (-25.0 % o vs Pee Dee belemnite [PDB] an international carbon isotope standard), based on alfalfa-barley, and six others were placed on a diet naturally enriched in 13C (-11.5 O/oo vs PDB), based on corn. After a 7-wk equilibration period on these diets, three cows were switched from alfalfa-barley to corn, and three were switched from corn to alfalfa-barley. The three other cows in each group served as controls. 13C/12C ratios were measured in daily morning milk samples during the week before and for 6 wk after the changes in diet. After the diets had been switched, milk isotope ratios rapidly approached the isotopic composition of the new diet, indicating rapid transfer of dietary carbon into milk. The data were consistent with a model whereby milk was synthesized from a single precursor pool that responded rapidly to dietary perturbation. The milk precursor pool had a half-life of approximately .9 d and had a mass of approximately 7 kg of carbon, which was renewed daily by the entry of 5 kg of digestible dietary carbon.
Introduction
Nutrient partitioning and energetics of livestock are drastically altered by lactation. In particular, metabolic rate and flux rates of nutrients involved in milk synthesis are increased (Davis and Bauman, 1974; Flatt and Moe, 1974; Linzell, 1974; Bauman and Currie, 1980) . The use of isotopically labeled substrates has permitted the identification of precursors involved in milk synthesis, and in some cases has permitted the estimation of their turnover rates (Annison et al., 1967; Bergman and Hogue, 1967; Linzell, 1974; Konig et al., 1984) . However, little information is available regarding the turnover of total carbon involved in milk synthesis. Minson et al. (1975) demonstrated that the 13C content of cows' milk was a function of the ~3C content of the feed; milk from cows that fed in pastures dominated by tropical (C4) plants had higher 13C enrichment than milk from cows that fed in pastures dominated by temperate (C3) plants. Plants with the C4 pathway discriminate less against 13CO2 during 2636 J. Anim. Sci. 1988 .66:2636--2645 photosynthesis than do C3 plants, resulting in a 15 % o (parts per thousand) greater concentration of 13C in C4 plants (Smith and Epstein, 1971; Vogel, 1980; O'Leary, 1981) . This naturally occurring isotopic difference between plant species is sufficiently large to be useful in metabolic investigations, and has been used extensively in nutritional and physiological studies of human subjects (Lefebvre, 1985) . Few metabolic studies have been conducted in animals using substrates or feeds naturally enriched in 13C (Tieszen et al., 1983; Tyrrell et al., 1984; Klein et al., 1986) . The purpose of our study was to utilize differences in the natural carbon isotope content of two different diets to 1) measure the turnover rate of total carbon involved in the synthesis of cows' milk and 2) develop a compartmental model that describes the carbon kinetics of milk formation. These goals were achieved by relatively simple manipulations of the C3 (depleted in 13C) and C4 (enriched in 13C) components of the dairy cows' diet.
Experimental Procedure
Experimental Design. Twelve Holstein dairy cows in mid-lactation (144 to 248 d in milk) were paired by milk yield (range = 28 to 38 kg/d) and allotted into two groups of six. One group received a diet (A) depleted in 13C, which was based on alfalfa hay and barley grain, whereas the other group received a diet (C) enriched in t3C, which was based on corn silage and corn grain. The nutritional quality of these diets was estimated from NRC (1978) data (Table 1) . Both diets provided similar amounts of nutrients and animals had ad libitum access to each diet for 7 wk. Periodically, samples of both diets were collected, dried, ground to a powder in a Wiley mill and analyzed for total carbon and for carbon isotope abundance.
For the duration of the experiment, all cows were milked twice daily, at 0800 and 2000. During the 7th wk, by which time cows were in late lactation (193 to 333 d in milk), daily morning milk samples were collected from all 12 cows to determine baseline levels of 13C in milk. At the beginning of wk 8, three cows remained on the alfalfa-barley diet to serve as controls (group I, A --> A), whereas three cows 7 Nuclide Corporation, Bellefonte, PA. from the alfalfa-barley diet were switched to the corn diet (group II, A -~ C). Similarly, three cows from the corn diet remained on the corn diet as controls (group III, C -+ C) and three cows were switched to the alfalfa-barley diet (group IV, C ~ A). Cows that underwent a change in diet were abruptly changed to the new diet at 1000 on the day of the change. For 6 wk after the change in diet, daily morning milk samples were collected from all experimental cows, and 2-d composite milk samples were collected at 2-wk intervals from all control cows. All milk samples for isotopic analysis were taken from the 0800 morning milking and were frozen and lyophilized immediately after collection. Body weight, feed intake, milk production and milk solids were measured for 7 d before the change in diet and for 7 d after the change.
To assess the 13C content of body tissue, s.c. adipose tissue was obtained from the region between the tail head and hip-bone of the rump of each cow at the end of wk 13. Tissue samples were obtained under local anesthetic by a licensed veterinarian using aseptic technique. All tissue samples were immediately frozen and lyophilized.
To assess the variability of the stable carbon isotope composition of cows' milk, whole milk samples were obtained from a variety of locations throughout the U.S. All samples were homogenized and lyophilized before isotopic analysis.
Sample Preparation and Mass Spectrometry.
Milk, feed and tissue samples were combusted to CO2 in evacuated, sealed quartz tubes . After combustion, sample tubes were opened under vacuum (Des Marais and Hayes, 1976) , the CO2 was isolated and purified by cryogenic distillation and the volume of CO2 produced was measured manometrically for calculation of percentage carbon. The CO2 then was transferred into 20-cc vacutainers and analyzed for 13C/12C on an automated isotope ratio mass spectrometer 7 (Schoeller and Klein, 1979) . Isotopic measurements were made and correction factors applied as previously described (Craig, 1957) . All measurements are given in the international ~ 13CpD B notation:
where R is the mass 45/mass 44 ratio of the sample or standard gas. Thus, 6 laCpD B represents the parts per thousand (~ deviation of the ~3C content of the sample material from the PDB standard, which has an absolute 13C/12C ratio of .0112372. Overall precision (machine error plus sample preparation) was approximately .3 ~ All 613C values then were converted to fractional abundances [13C/(13C + 12C)1 for subsequent mass calculations and modeling procedures. The relationship between the 613CpD B value and other indices of stable isotopic abundance has been described elsewhere (Hayes, 1982) .
Compartmental Analysis. Compartmental analysis was performed using the CONSAM program, version 27 (Berman et al., 1983 ) run on a VAX 11-750 system. The data were consistent with the hypothesis that milk carbon was derived from a single metabolic carbon pool that responded rapidly to dietary perturbation. Input of milk carbon from slowly turning over body stores appeared negligible (see below) and therefore was not included as a feature of the model. The metabolic carbon pool was assumed to have undergone a constant infusion of 13C from dietary sources. Isotopic fractionation may have occurred between dietary input of carbon and milk synthesis; however, detailed quantitative relations that describe the degree of isotopic fractionation are not available. Because the metabolic carbon pool had a very high turnover rate, the isotopic enrichment of the pool before the time of dietary change was assumed to be the isotopic enrichment of the milk derived from this pool. This value thus reflects the isotopic enrichment of the dietary carbon plus isotopic fractionation effects.
The CONSAM analysis incorporated the sampling protocol such that each milk sample represented the milk carbon accumulated over a 12-h period. The time-interrupt facility of CONSAM was utilized to enable the isotopic enrichment of the infusate to be altered at the time of dietary change.
The overall fractional rate constant for carbon loss from the metabolic carbon pool was determined by the rate of change of the milk carbon isotope ratios after the change in diet. Rate constants for the two separate pathways out of the metabolic pool (milk production and losses to other processes) were determined as a proportion of the milk carbon output from the pool at steady state. Transport of carbon along each pathway (g C/d) was determined by multiplying the mass of the metabolic pool by the fractional rate constant for the pathway. The mass of the metabolic carbon pool was determined by dividing the rate of digestible dietary carbon intake (g C/d) by the overall rate constant for the pool. The half-life for carbon turnover in the metabolic carbon pool was calculated as ln(2) divided by the overall fractional rate constant.
Results
Both diets had identical DM digestibilities of approximately 67%. The corn diet had a ~tSCpD B of --11.5 + .4 % o (n = 5) and consisted of 48.7 -+ .8% carbon (n = 5). The alfalfabarley diet had a ~I3CpD B of --25.0 + .6 ~ (n = 5) and had a percentage carbon of 44.4 + .7% (n = 5).
Characteristics of the cows are given in Table  2 . The average weight before the change in diet was 613 + 54 kg (n = 12), which increased to 628 -+ 61 kg after the change. Weight gain in group Ili, the corn control group, was greatest, with an average gain of 26 kg, whereas group IV (C -~ A) lost an average of 2 kg between measurement periods (7 d).
Feed intakes declined slightly in all four groups after the diet changes ( Table 2 ). The largest drop in feed intake, an average of 5 kg/d, was observed in group II (A -~ C) cows. Decreases in the other three groups averaged less than 1 kg/d. Feed intakes generally were lower of the corn diet than of the alfalfa-barley diet.
Milk production in group II declined by 2.7 kg/d, probably in response to the decreased feed intake after the change in diet (Table 2) . Milk production in the other three groups differed by less than 1 kg/d between measurement periods. The milk production rates of cows fed the corn diet were slightly lower than those of cows fed the alfalfa-barley diet. Percentage DM in milk showed little variation between groups and between measurement periods and averaged 12.3 + .7% (n = 12) before the change and 12.3 + 1.1% after the change.
The 13C/t2C isotope ratios of milk from the group I control cows on the alfalfa diet were similar to those of the diet and showed no temporal variation (Figure 1) . The mean and standard deviation for the isotope ratios of all milk samples from group I was -25.2 + .5 % o (n = 36) or .2 % o more depleted in 13C than the diet.
Group II cows, which were switched from alfalfa to corn, also had milk 5XSC values similar to those of the alfalfa diet before the change (Figure 1) , with a mean and standard deviation of -25.6 + .7 % o (n = 24). After the change to the corn diet, isotope ratios of the milk samples rapidly increased to values similar to those of the corn diet, achieving a new plateau in approximately 4 d. For the last 10 d of collection, all milk samples from these three cows had a mean ~$t3C value of --13.7 + .6 ~ (n = 30), which was 2.2 % o more depleted in 13C than the corn diet. Thus, the change from alfalfa to corn brought about an 11.9 % o increase in the 13C content of the milk.
Isotope ratios of milk samples from group III cows on the corn diet showed no temporal variability, but generally were more depleted in 13C than the diet (Figure 2) . The mean and standard deviation of all milk 613C values obtained from group III cows was -13.3 + .5 % o (n = 36). These cows, therefore, produced milk that was 1.8 % o more depleted in 13C than their diet.
The mean and standard deviation of the 613C values of the baseline milk samples from group IV (C ~ A) was --13.7 +-.4 ~ (n = 24), similar to that of group III (Figure 2 ). Stable carbon isotope ratios of the milk rapidly decreased after the cows were switched to the alfalfa diet. As in group II cows, a new isotopic equilibrium was established in approximately 4 d. The mean and standard deviation for all samples from these three cows during the last 10 d of collection was-25.5 +.7% o(n=30), which was .5 % o lower in 13C than the alfalfa diet. These three cows, therefore, underwent an 11.8 ~ decrease in milk 13C as a result of the change from corn to alfalfa.
The ~13C values of s.c. adipose tissue are shown in Table 3 . Tissue from group I (A ~ A) cows was 1.2 ~ more depleted than the diet, and that from group Ill (C ~ C) cows was 5.1 ~ more depleted than the diet. Thus, a 9.6 ~ difference in the isotopic composition of adipose tissue between these two groups occurred as a result of long-term exposure to isotopically different diets. Tissue from group II (A ~ C) was 9.5 ~ more depleted than the corn diet, whereas group IV (C -* A) cows were 3.1 O/oo more enriched than the alfalfa diet. 
e~
The isotopic data indicated that a single precursor pool could account for the behavior of carbon involved in milk synthesis. The characteristics of this metabolic carbon pool, as determined by compartmental analysis, are shown in Figure 3 . Because model parameters were not significantly different between group II and group IV cows, the parameters shown in Figure 3 are mean values for all six experimental cows.
The overall rate constant for carbon loss from the metabolic carbon pool (.76 d -1) was well identified by the kinetic data, with an average error of parameter estimation of 6.6% for individual cows. Error in this model was lower than all others attempted during model development. Rate constants for the two separate pathways out of the metabolic carbon pool, milk production and losses to other processes, were .16 and .60 d -1, respectively. The precursor pool contained approximately 6.5 kg carbon and was replenished daily by the entry of 5.0 kg digestible dietary carbon. The half-life of this precursor pool giving rise to milk was .92 d.
D iscu ssio n
Milk produced by the cows at isotopic equilibrium on the alfalfa diet was slightly more depleted in Z3C (-.2 to -.6 %o) than the diet itself. By contrast, the milk produced by the cows at isotopic equilibrium on the corn diet was 1.8 to 2.2 O/oo more depleted in 13C than the diet. These trends were evident in both the control and experimental cows and suggest the existence of a carbon source lower in 13C than the corn diet (perhaps even lower in ]3C than the alfalfa diet) that contributes to the carbon pool involved in milk synthesis.
GROUP I A--
Two explanations for this finding must be considered. First, the turnover of 13C-depleted body stores might have provided a significant source of 13C-depleted carbon that entered the precursor pool and participated in milk synthesis. Dairy cows throughout the U.S. produce milk that is approximately -22 % o vs PDB (Table 4) , reflecting a diet of approximately 70% C3 plant material. Because animal tissues reflect the isotopic composition of the diet (Minson et al., 1975; DeNiro and Epstein, 1978; Tieszen et al., 1983) , the body tissues of the dairy cows included in our study should have been near -22 %o before their initial 7-wk dietary stabilization period. The carbon available for milk synthesis that was derived from the turnover and(or) mobilization of previously synthesized tissues while cows were on the corn diet therefore would have been relatively depleted in 13C, and may account for the observed isotopic discrepancy between the corn diet and the milk. Body tissue has been shown previously to be a source of nutrients for milk synthesis, particularly during early lactation (Flatt et al., 1965; Moe et al., 1971; Bauman and Currie, 1980) . The extremely rapid rate at which milk carbon achieves an isotopic plateau (Figures 1 and  2 ) after a change in the carbon isotopic com- 
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Figure 2. Stable carbon isotope ratios of morning milk samples from corn control cows (group III) and cows switched from corn to alfalfa (group IV). Dashed lines indicate isotopic composition of the corn (C) and alfalfa (A) diets. Diets were changed after the morning milking on d O. Curves represent predictions based on the model (Figure 3 ) using the specific turnover rate constants determined for each cow. Figure 3. Compartmental model of carbon involved with milk synthesis. Digestible dietary carbon input and milk production rates were measured directly; the fractional rate constants and mass of the metabolic carbon pool were determined by compartmental analysis. Values shown are means -+ standard errors for all cows from groups II and IV. Fractional rate constants are given as pools/d (in parentheses). Pool mass is given in grams of carbon and input and output rates are given as grams of carbon/day. position of the diet, however, suggests that the contribution of body stores to milk synthesis in these cows in late lactation is negligible. If slowly turning over body stores had contributed significantly to milk synthesis, the milk isotope ratios would have shown a slow kinetic component in addition to the observed rapid change to isotopic plateau. Therefore, despite the fact that the carbon in body tissues was turning over during the study, as evidenced by the adipose tissue samples (Table 3) , this carbon did not have a detectable influence on the isotopic composition of the milk.
The second consideration is that isotopic fractionation against laC may have occurred between food intake and milk synthesis. For example, DeNiro and Epstein (1977) demonstrated that there is isotopic discrimination (approximately 2 to 7 % o) against 13C during lipid synthesis. In addition, Rust (1981) showed that the carbon isotope composition of methane produced by dairy cows ranged from -62 to -53 % o vs PDB, implying that the residual substrate from which the methane was derived (dietary carbon) should become more enriched in laC as a result of fractionation by methane-producing bacteria. However, the fractionation observed in our study was dietdependent, because the discrepancy between milk and diet was much greater on the corn diet than on the alfalfa diet. In support of an explanation based on diet-dependent fractionation, Tyrrell et al. (1984) found that respiratory CO2 from cows on a 60% corn silage-40% barley grain diet was approximately 3.3 % o more enriched in 13c than the diet. In these same cows, however, plasma carbon was 4.7 % o more depleted and milk was 1.0% o more depleted than the diet (Tyrrell et al., 1984) . Therefore, cows on corn-based diets may be respiring an isotopically enriched portion of the diet, thus leaving an isotopically more depleted pool of carbon from which milk is synthesized.
Whether fractionation of dietary carbon or turnover of body stores is responsible for the observed isotopic discrepancy between the diet (especially corn) and milk is impossible to This compartmental model is consistent with the hypothesis that milk carbon is derived exclusively from a single metabolic pool that equilibrates rapidly after dietary perturbations. A slow kinetic component would have been evident in the data if slowly turning over tissues or tissue mobilization contributed significantly to milk carbon. Actually, the slopes of the milk isotopic enrichments beyond 6 d after the changes in diet were not statistically different from zero, and efforts to introduce a stow kinetic component during model development resulted in a poor fit to the observed milk isotope ratios.
Thus, slowly turning over body stores appeared not to contribute significantly to milk synthesis in these cows in late lactation. Body stores have been shown to contribute substantially to milk synthesis in cows in early lactation (Flatt et al., 1965; Moe et al., 1971; Bauman and Currie, 1980) . Cows in late lactation, however, are in positive energy balance and have relatively low milk production rates, which are precisely the circumstances in which dietary carbon might be expected to contribute nearly all milk carbon. Although we cannot absolutely rule out a contribution from body stores in our cows in late lactation, it would have been limited to labile, rapidly turning over tissue components that quickly equilibrate with the isotopic composition of the diet. Alternatively, the contribution from slowly turning over body stores might have been small enough to escape detection with our experimental approach.
The exact identity of this metabolic pool remains unknown, and our sampling protocol did not enable resolution of the components with rapid turnover rates. However, it is reasonable to assume that the metabolic pool consists of plasma nutrients, digesta in the mmen and labile carbon in rapidly turning over tissue. The tureen of these cows should contain approximately 20 kg of digesta (dry weight), of which 45% is carbon and 67% is digestible. Thus, the 6 kg of digestible carbon in the rumen is nearly identical to the 6.5 kg precursor pool of carbon identified in the compartmental model. The turnover rate of the rumen, however, is approximately 1.2 d -1 (Waldo et al., 1972; Erdman et al., 1987) , which is 1.6 times faster than the .76 d -t for the metabolic pool in the model. Passage of nutrients through additional metabolic pools after absorption might account for the slower turnover rate of the metabolic carbon pool. Thus, the characteristics of the metabolic carbon pool identified by the model are similar, but not identical, to those of the ruineD.
Because of differences in study designs, there are no data with which our results can be compared directly. We conducted a preliminary study (Klein et al., 1986 ) with a similar design in which the alfalfa-based diet of a 5-yr-old dairy cow near the end of her lactation cycle was changed to a 100% corn silage diet. Daily morning milk samples were collected for 30 d after the dietary change. The half-life of carbon in the whole milk was approximately 4 d. Halflives of carbon in lactose, casein and fat were 2.1, 3.5, 4.0 and 4.7 d, respectively. The substantially slower turnover rates in this cow (Klein et al., 1986) relative to the cows in the present study may have resulted from 1) differences in age and stage of lactation, 2) inadequate nutrition provided by the 100% corn silage diet, 3) differences in intake and milk production and 4) the development of a mastitis infection.
In addition to demonstrating the rapid incorporation of dietary carbon into the milk of dairy cows, we have shown that significant physiological information can be obtained by simple manipulation of the natural 13C content of the diet. With more extensive sampling (e.g., specific biochemical components in plasma, tissues, urine and milk) in future studies of similar design, answers should be forthcoming to more specific questions about carbon allocation and turnover in dairy cows or other animals. Although some studies have used natural differences in the t3C content of food items to assess food habits (Jones et al., 1979) and the digestibility of dietary components (Bruckental et al., 1985; Schroeder and Ben- 
